Leucine is a proteogenic amino acid that also regulates many aspects of mammalian physiology, in large part by activating the mTOR complex 1 (mTORC1) protein kinase, a master growth controller. Amino acids signal to mTORC1 through the Rag guanosine triphosphatases (GTPases). Several factors regulate the Rags, including GATOR1, a GTPase-activating protein; GATOR2, a positive regulator of unknown function; and Sestrin2, a GATOR2-interacting protein that inhibits mTORC1 signaling. We find that leucine, but not arginine, disrupts the Sestrin2-GATOR2 interaction by binding to Sestrin2 with a dissociation constant of 20 micromolar, which is the leucine concentration that half-maximally activates mTORC1. The leucine-binding capacity of Sestrin2 is required for leucine to activate mTORC1 in cells. These results indicate that Sestrin2 is a leucine sensor for the mTORC1 pathway.
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I
t has long been appreciated that in addition to being a proteogenic amino acid, leucine is also a signaling molecule that directly regulates aspects of animal physiology, including satiety (1), insulin secretion (2) , and skeletal muscle anabolism (3, 4) . Because the liver has a low capacity to metabolize leucine, its concentrations in the blood fluctuate according to its consumption, so that dietary leucine can directly affect physiology (5) (6) (7) . A key mediator of the effects of leucine is the mTOR complex 1 (mTORC1) protein kinase (8, 9) , which regulates growth by controlling processes such as protein and lipid synthesis, as well as autophagy.
In addition to leucine, many environmental signals regulate the mTORC1 pathway, including other amino acids such as arginine, as well as glucose and various growth factors and forms of stress (10, 11) . How mTORC1 senses and integrates these diverse inputs is not well understood, but it is clear that the Rheb and Rag guanosine triphosphatases (GTPases) have necessary but distinct roles. Rheb is a monomeric GTP-binding protein, and the Rags function as obligate heterodimers of RagA or RagB bound to RagC or RagD (12) (13) (14) . Both the Rheb and Rag GTPases localize, at least in part, to the lysosomal surface (15) (16) (17) (18) , which is an important site of mTORC1 regulation (19) . In a Rag-dependent manner, amino acids promote the translocation of mTORC1 to the lysosome, where Rheb, if bound to GTP, stimulates its kinase activity. Growth factors trigger the GTP-loading of Rheb by driving its GTPase activating protein (GAP), the tuberous sclerosis complex, off the lysosomal surface (18) .
Regulation of the Rag GTPases by amino acids is complex, and many distinct factors have important roles (20) . A lysosome-associated supercomplex containing Ragulator, SLC38A9, and the vacuolar adenosine triphosphatase (v-ATPase) interacts with the Rag GTPases and is necessary for the activation of mTORC1 by amino acids (21) (22) (23) (24) . Ragulator anchors the Rag heterodimers to the lysosome and has nucleotide exchange activity for RagA and RagB (21, 25) . SLC38A9 is an amino acid transporter and a potential lysosomal arginine sensor (23) , but the function of the v-ATPase in mTORC1 activation is unclear. Two GAP complexes stimulate GTP hydrolysis by the Rag GTPases, with GATOR1 acting on RagA and RagB (26) , and folliculin-folliculin interacting protein 2 (FLCN-FNIP2) acting on RagC and RagD (27) . The separate GATOR2 complex negatively regulates GATOR1 through an unknown mechanism and is necessary for mTORC1 activation (26) . Last, the Sestrins are GATOR2-interacting proteins whose molecular function is not known (28, 29) . Previous reports argue that the Sestrins inhibit mTORC1 signaling through AMPK and TSC (30) , but recent studies question this mechanism (28, 31) .
The amino acid sensors upstream of mTORC1 have eluded researchers for many years. Whereas SLC38A9 is a strong candidate for sensing arginine at lysosomes (23) , the long-sought sensor of leucine has thus far been unknown. Here, we present evidence that Sestrin2 is a leucine sensor for the mTORC1 pathway.
Leucine directly regulates the Sestrin2-GATOR2 interaction
Activation of mTORC1 by amino acids requires the pentameric GATOR2 complex (26) . Although its molecular function is unknown, epistasis-like experiments suggest that GATOR2 suppresses GATOR1, the GAP for and inhibitor of RagA and RagB (26) . Within cells, Sestrin2 binds to GATOR2 in an amino acid-sensitive manner (28, 29) ; removal of all amino acids from the culture media induces the interaction, and readdition of the amino acids reverses it (28) . Although several amino acids can regulate mTORC1 signaling, arginine and leucine are the best-established, and deprivation of either strongly inhibits mTORC1 in various cell types (8, 32, 33) .
In human embryonic kidney-293T (HEK-293T) cells, removal of either leucine or arginine from the cell medium inhibited mTORC1 signaling to similar extents, as indicated by ribosomal protein S6 kinase 1 (S6K1) phosphorylation. However, only leucine depletion caused Sestrin2 to bind to GATOR2, inducing the interaction as effectively as complete amino acid starvation did (Fig. 1A) . Leucine readdition rapidly reversed the binding, and amino acids did not affect the interaction between WD repeat-containing protein 24 (WDR24) and Mios, two core components of GATOR2 (Fig. 1A and fig. S1A ).
Sestrin2 is homologous to two other proteins, Sestrin1 and Sestrin3 (34) (35) (36) ; when overexpressed, all three can interact with GATOR2 (28) . As with Sestrin2, leucine starvation and stimulation strongly regulated the interaction of endogenous Sestrin1 with GATOR2 ( fig. S1B ). In contrast, endogenous Sestrin3 bound to GATOR2 irrespective of leucine concentrations ( fig. S1B ), suggesting that this interaction is constitutive or regulated by signals that remain to be defined.
Although enzymatic events triggered by leucine may mediate the effects of leucine on the Sestrin2-GATOR2 interaction, it was tempting to consider the possibility that leucine might act directly on the complex. Consistent with this possibility, the addition of leucine, but not arginine, to ice-cold detergent lysates of cells deprived of all amino acids abrogated the interaction to the same extent as leucine stimulation of live cells did (Fig.  1B) . Leucine also disrupted the interaction when added directly to immunopurified Sestrin2-GATOR2 complexes that were isolated from amino aciddeprived cells. Of the 18 amino acids tested at 300 mM each, only those most similar to leucinemethionine, isoleucine, and valine-had any effect on the Sestrin2-GATOR2 interaction in vitro (Fig. 1C) .
When added to the purified complexes, leucine dose-dependently disrupted the Sestrin2-GATOR2 complex, with the half-maximal effect at about 1 mM (Fig. 1D ). Methionine and isoleucine were considerably less potent, acting at concentrations about 10-and 25-fold greater than leucine, respectively (Fig. 1E) . These values reflect only the relative potencies of these amino acids, owing to the fact that equilibrium conditions were not attained because the large assay volume precluded Sestrin2 from rebinding to GATOR2 once it had dissociated.
Sestrin2 binds leucine with a dissociation constant (K d ) of 20 mM
Given that leucine disrupts the purified complex, we reasoned that leucine might bind directly to SCIENCE sciencemag.org Sestrin2 or GATOR2. To test this, we developed an equilibrium binding assay in which purified proteins immobilized on agarose beads were incubated with radioactive amino acids, and the bound amino acids were quantified after washing. Radiolabeled leucine bound to Sestrin2 but not to WDR24, the GATOR2 complex, or the control protein Rap2A, in a manner that was fully competed by excess nonradiolabeled leucine ( Fig. 2A) . In contrast, arginine did not bind to either Sestrin2 or Rap2A ( fig. S2A ). Consistent with the differential sensitivities to leucine of the Sestrin1-and Sestrin3-GATOR2 complexes, Sestrin1 bound leucine to a similar extent as did Sestrin2, whereas Sestrin3 bound leucine very weakly ( Fig. 2B and  fig. S2A ). Drosophila dSestrin (CG11299-PD) also bound leucine, albeit at lower amounts than the human protein did ( fig. S2 , B and C).
Because all of these proteins were expressed in and purified from HEK-293T cells, the above results did not rule out the possibility that an unidentified protein that copurifies with Sestrin2 (and Sestrin1) is the actual receptor for leucine. To address this possibility, we prepared human Sestrin2 in bacteria, which is a heterologous system that does not encode a Sestrin homolog or even a TOR pathway. Consistent with the results obtained with Sestrin2 prepared in human cells, radiolabeled leucine bound to bacterially produced Sestrin2 but not to the RagA-RagC heterodimer, which was used as a control (Fig.  2C) . Furthermore, in a thermal shift assay, leucine, but not arginine, shifted the melting temperature Where indicated, cells were restimulated with leucine, arginine, or all amino acids for 10 min, and FLAG immunoprecipitates (IPs) were prepared from cell lysates. Immunoprecipitates and lysates were analyzed by immunoblotting for the indicated proteins and phosphorylation states. FLAGmethionine aminopeptidase 2 (metap2) served as a negative control. (B) Effects of leucine and arginine on the Sestrin2-GATOR2 interaction in ice-cold detergent lysates of amino acid-starved cells. HEK-293T cells stably expressing FLAG-metap2 or FLAG-WDR24 were deprived of all amino acids for 50 min. Leucine or arginine was added to the culture media or to cell lysates, and FLAG immunoprecipitates were prepared and analyzed as in (A). (C) Effects of individual amino acids on the purified Sestrin2-GATOR2 complex. FLAG immunoprecipitates were prepared from HEK-293T cells stably expressing FLAG-metap2 or FLAG-WDR24 and deprived of all amino acids for 50 min.
Indicated amino acids (300 mM) were added directly to the immunoprecipitates, which, after re-washing, were analyzed as in (A). (D) Disruption of the purified Sestrin2-GATOR2 complex by leucine. The experiment was performed and analyzed as in (C), except that indicated concentrations of leucine (Leu) or arginine (Arg) were used. (E) Disruption of the Sestrin2-GATOR2 interaction by isoleucine (Ile) and methionine (Met). The experiment was performed and analyzed as in (C), except that the indicated concentrations of isoleucine, methionine, leucine, or arginine were used.
of bacterially produced Sestrin2, but not of two control proteins, by up to 8.5°C (Fig. 2D  and fig. S2 , E and F). Collectively, these data strongly suggest that leucine binds directly to Sestrin2.
Although the thermal shift assay is valuable for assessing the capacity of a protein to bind a ligand, this method is not suitable for obtaining an accurate K d (37) . Therefore, we used a competition binding assay with increasing amounts of unlabeled leucine to determine that leucine has a K d for Sestrin2 of 20 ± 5 mM (Fig. 2E) . In comparison, methionine and isoleucine competed with leucine binding with inhibitory constants (K i ) of 354 ± 118 mM and 616 ± 273 mM, respectively (Fig. 2, F and G) . These values are respectively about one-eighteenth and one-thirtieth the affinity of leucine for Sestrin2, and they correlate well with the relative potencies of leucine, methionine, and isoleucine in disrupting the Sestrin2-GATOR2 interaction in vitro (Fig. 1, D 
and E).

Sestrin2 regulates mTORC1 through GATOR2
Consistent with leucine regulating mTORC1 by modulating the binding of Sestrin2 to GATOR2, 20 to 40 mM leucine had half-maximal effects on both the Sestrin2-GATOR2 interaction and mTORC1 activity in HEK-293T cells (Fig. 3, A and B) . This concentration range encompasses the K d of leucine for Sestrin2, indicating that the affinity of Sestrin2 for leucine is physiologically relevant.
To formally test whether Sestrin2 regulates mTORC1 by interacting with GATOR2, we identified a Sestrin2 mutant (S190W) that binds leucine but has a severely decreased capacity to bind GATOR2 (Fig. 3, C and D) . In Sestrin1, -2, and -3 triple-null HEK-293T cells, mTORC1 signaling was active and unaffected by leucine deprivation ]leucine and indicated concentrations of unlabeled methionine and isoleucine, respectively. In the graphs, each point represents the normalized mean T SD for n = 3 experiments K i values were calculated using data from the three experiments. (Fig. 3E) . In these cells, expression of wild-type Sestrin2 restored the leucine sensitivity of the mTORC1 pathway, but expression of Sestrin2 S190W had no effect (Fig. 3E) . Thus, Sestrin2 must be able to interact with GATOR2 for the mTORC1 pathway to sense the absence of leucine.
For leucine to activate mTORC1, Sestrin2 must be able to bind leucine To test whether the leucine-binding capacity of Sestrin2 is necessary for mTORC1 to sense the presence of leucine, we identified two Sestrin2 mutants, L261A and E451A, which do not bind leucine to an appreciable degree (Fig. 4A) . Leucine did not meaningfully affect the interaction of the mutants with GATOR2 in vitro, consistent with the role of Sestrin2 in mediating the effects of leucine on the Sestrin2-GATOR2 complex (Fig. 4B) . Expression of wild-type Sestrin2 in the Sestrin1, -2, and -3 triple-null cells restored the leucine sensitivity of the mTORC1 pathway in these cells, but expression of either mutant inhibited signaling and rendered the mTORC1 pathway insensitive to leucine (Fig. 4C   and fig. S3A ). Furthermore, in Sestrin1, -2, and -3 triple-null cells that expressed the mutants, the localization of mTOR to lysosomes in the presence of leucine was decreased, whereas that of RagC was not affected (fig. S4, A to D) . Thus, activation of mTORC1 by leucine requires the binding of leucine to Sestrin2.
Conclusions
Sestrin2 has several properties that are consistent with its being a leucine sensor for the mTORC1 pathway: (i) it binds leucine at affinities consistent with the concentrations at which leucine is sensed; (ii) Sestrin2 mutants that do not bind leucine cannot signal the presence of leucine to mTORC1; and (iii) loss of Sestrin2 and its homologs renders the mTORC1 pathway insensitive to the absence of leucine. Although we have not investigated Sestrin1 as thoroughly, it appears to behave similarly to Sestrin2, so we propose that Sestrin1 and Sestrin2 are leucine sensors upstream of mTORC1.
Given that Sestrin2 has appreciable affinity for methionine, it would not be surprising if, in contexts where leucine concentrations are low and methionine concentrations are high, Sestrin2 serves as a methionine sensor for the mTORC1 pathway.
Sestrin2 binds to and likely inhibits GATOR2, but how this leads to suppression of mTORC1 cannot be determined until the molecular function of GATOR2 has been clarified. In addition, structural studies are needed to understand how the binding of leucine to Sestrin2 disrupts its interaction with GATOR2, and why leucine binds very poorly to Sestrin3.
Because Sestrin1 and Sestrin2 are soluble proteins, it is likely that they sense free leucine in the cytosol. Although these concentrations are unknown, the Michaelis constant of the human leucyl-transfer RNA synthetase (LRS) for leucine has been reported to be 45 mM (38) . This value is similar to the affinity of Sestrin2 for leucine, suggesting that cytosolic free leucine concentrations are within this range. Like Sestrin2, LRS binds isoleucine and methionine at lower affinities than it binds leucine (about 30-fold less in the case of LRS) (38) . The similarities between Fig. 2A . (E) In Sestrin1, -2, and -3 triple-null cells expressing Sestrin2 S190W, the mTORC1 pathway cannot sense the absence of leucine. Wild-type HEK-293T cells and Sestrin1, -2, and -3 triple-null HEK-293T cells, generated with the CRISPR/Cas9 (clustered regularly interspaced short palindromic repeat/CRISPR-associated nuclease 9) system, were used to express the indicated FLAG-tagged proteins. Cells were starved of leucine for 50 min and, where indicated, stimulated with leucine for 10 min; lysates were analyzed via immunoblotting.
the amino acid-binding characteristics of Sestrin2 and LRS support the notion that the affinity and specificity of Sestrin2 for leucine are sufficient for it to serve as a leucine sensor.
Our work suggests a model in which signals emerging from distinct amino acid sensors in different cellular compartments converge on the Rag GTPases at the lysosomal surface to regulate mTORC1 activity (Fig. 4D) . The putative arginine sensor SLC38A9 probably monitors lysosomal contents, and Sestrin2 is almost certainly a cytosolic sensor. There must also be an amino acid sensor upstream of the FLCN-FNIP2 complex (the GAP for RagC and RagD), but its identity and cellular localization are unknown. A future challenge is to determine how the Rag GTPases integrate the inputs from the different sensors; this will likely require a much better understanding of the function of each Rag in the heterodimer. Moreover, in vivo characterization of the different sensors will be needed to comprehend how specific tissues adapt the amino acid sensing pathway to their particular needs.
Given that Sestrin2 (and Sestrin1) are likely to have leucine-binding pockets, these proteins may be targets for the development of smallmolecule modulators of the mTORC1 pathway. Leucine attenuates the decrease in skeletalmuscle protein synthesis that occurs in the elderly and stimulates satiety (1, 39) . Thus, small molecules that potently mimic the effects of leucine on Sestrin2 could have therapeutic value. Furthermore, caloric restriction inhibits mTORC1 signaling (40, 41) and is associated with increased health span and life span in multiple organisms (42, 43). Thus, small molecules that antagonize the effects of leucine on Sestrin2 might have caloric restriction-mimicking properties. Fig. 4 . The capacity of Sestrin2 to bind leucine is required for the mTORC1 pathway to sense leucine. (A) The Sestrin2 L261A and E451A mutants do not bind leucine. Binding assays were performed and immunoprecipitates were analyzed as in Fig. 2A. (B) Leucine insensitivity of the interactions of Sestrin2 L261A or E451A with GATOR2. FLAG immunoprecipitates were prepared from cells transiently expressing the indicated proteins. The immunoprecipitates were treated with the indicated concentrations of leucine and analyzed as in Fig. 1C (HA, hemagglutinin epitope) . (C) In Sestrin1, -2, and -3 triple-null cells expressing Sestrin2 L261A or E451A, the mTORC1 pathway cannot sense the presence of leucine. Cells were generated and analyzed as in Fig. 3E. (D) Model showing how amino acid inputs from multiple sensors in distinct compartments impinge on the Rag GTPases to control mTORC1 activity. 
S
ince its discovery in 1991 as the target of the immunosuppressant rapamycin, TOR has emerged as a central regulator of cell growth and metabolism. TOR was identified in yeast (1, 2) ; the mammalian ortholog is mTOR (3, 4) . The serine and threonine kinase activity of TOR is tightly regulated in response to physiological conditions, and aberrant mTOR signaling occurs in multiple pathologies, including diabetes, cancer, and neurodegeneration (5, 6) .
TOR is the core component of two, functionally distinct signaling complexes, TOR complex 1 (TORC1) and TORC2 (7) (8) (9) (10) (11) (12) (13) . TORC1 is sensitive to rapamycin and regulates cell growth by activating protein, lipid, and nucleotide synthesis and by inhibiting autophagy. TORC2 is less well characterized but is rapamycin insensitive and controls diverse cellular processes through phosphorylation of several targets. Mammalian TORC1 (mTORC1) contains, in addition to mTOR, Raptor (regulatory-associated protein of mTOR) (8, 9) , mammalian homolog of protein Lethal with Sec Thirteen (mLST8) (7, 14) , and possibly several noncore subunits. Whereas mTOR and mLST8 are also found in mTORC2, Raptor is absent. Instead, Rictor (rapamycin-insensitive companion of mTOR) (7, 10, 11) and additional subunits (15) (16) (17) are required for mTORC2 activity.
The regulation of mTORC1 signaling involves interactions with several binding partners and translocation of mTORC1 within the cell (12, 13) . mTORC1 is activated in response to nutrients (amino acids) through the Rag guanosine triphosphatase (GTPase) signaling pathway (18, 19) , by growth factors through inhibition of the tuberous sclerosis complex 1 and 2 (TSC1 and TSC2) heterodimer and thereby activation of the small GTPase Rheb (20, 21) , and by cellular energy status through adenosine monophosphate-activated protein kinase (AMPK) phosphorylation of TSC2 and Raptor (22, 23) .
TOR is the founding member of the phosphatidylinositol-kinase-related kinase (PIKK) family (24), members of which share an elaborate domain organization. The kinase domain is situated at the C terminus, following long arrays of first HEAT (Huntingtin, EF3A, ATM, TOR), and then tetratricopeptide (TPR), repeats (25, 26) . The crystal structure of a compact C-terminal fragment of human mTOR containing the FAT (Frap, ATM, TRRAP) domain and the kinase domain has been resolved in complex with its obligate accessory protein, mLST8 (27) .
Inhibition of mTOR by rapamycin is dependent on the formation of a complex with an intracellular receptor, FK506-binding protein (FKBP) (28, 29) , which then binds mTOR in mTORC1. FKBP interacts with mTOR through the hydrophobic rapamycin molecule, which binds pockets in each protein (1, 30, 31) . The N terminus of the kinase domain forms the FKBP-rapamycin complex binding (FRB) domain, which juts outward from the N-lobe (27) . Binding of the FKBPrapamycin complex to the FRB domain has been predicted to narrow the active-site cleft (27) , suggesting that rapamycin inhibition is due to steric hindrance (32) . The FRB domain also binds cognate mTOR targets, and the mutation of key residues in the FRB domain impairs phosphorylation of model substrates (27) .
The catalytic activity and substrate specificity of mTORC1 are regulated by Raptor. Raptor is a multidomain protein, predicted by sequence similarity to consist of an RNC (Raptor N-terminal Conserved) domain, a central set of armadillo repeats, and a C-terminal b propeller (8, 9) . Raptor functions in substrate binding, being required for phosphorylation of many mTORC1 substrates, the best characterized of which are the translational regulators ribosomal protein S6 kinase (S6K1) and eukaryotic translation initiation factor 4E-binding protein (4EBP). Phosphorylation of these substrates is dependent on their TOR signaling (TOS) motif, which binds Raptor directly (33, 34) .
Biochemical investigation of the oligomeric state and composition of TORCs demonstrated that TOR and mTOR complexes are dimeric, and allowed assignment of core components. Owing to difficulties in working with intact mTORC1, however, information on the three-dimensional arrangement of proteins and domains within the complex was limited to crystal structures of fragments (27, 31) , and a low-resolution (26 Å) reconstruction through cryo-electron microscopy (cryo-EM) (35) revealing twofold-symmetric, dimeric particles roughly 300 Å by 200 Å by 100 Å in size. In that study, however, the handedness of the reconstruction and the position of individual subunits could not be reliably assigned.
We resolved the structures of human mTORC1 and Chaetomium thermophilum Raptor (CtRaptor) at 5.9 and 4.3 Å resolution by cryo-EM and x-ray crystallography, respectively. We provide a description of the architecture of mTORC1 at a secondary structural level, placing the folded domains of all three mTORC1 subunits and revealing their relative arrangement within the complex.
Results and discussion
Determination of the cryo-EM structure of mTORC1
We coexpressed and copurified human mTOR, Raptor, and mLST8 from insect cells, obtaining a homogeneous mTORC1 complex with a molecular size of~1.0 MD (fig. S1, A and B) . Purified
